
Remote Sensing of the Mixed Layer Depth 

Outline 

 The Mixed Layer 

 Measurement concept 
1.  Lidar penetra9on depth 
2.  Par9culate sca<ering 
3.  Turbulence sca<ering 

 Conclusions 

JPL team 
Paul von Allmen – modeling 
Dimitris Menemenlis – oceanography 
Gary Spiers – lidar 

Collaborator 
Darek Bogucki – experiment, modeling 
Rosens9el School of Marine and 
Atmospheric Science, Univ. of Miami 

1 



Observed 9me series of turbulence 

Turbulent kine9c energy dissipa9on 

Surface buoyancy 

The Ocean Mixed Layer 

•  Knowledge of MLD is cri9cal to 
inventory heat, gases, biological 
produc9vity,  and ecosystem dynamics.  

•  The ocean’s ability to regulate climate 
is linked to the  dynamics of mixing in 
the upper ocean and the degree of 
stra9fica9on. 

•  Defined by turbulence 
•  Temperature and density profiles are 
used as proxy 

•  Par9culate distribu9on is not a very 
good proxy but is oRen used 

•  The proposed measurements are 
expected to retrieve both the 
par9culate and the turbulence profiles 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Moum and Smyth (2000) 

•  The mixed layer is the surface ocean boundary layer, mediator of all interac9on between the 
deep ocean and atmosphere. 

•  Air‐sea transfer of energy, heat, and gases (such as CO2) occurs via the mixed  layer.  

•  The depth of the mixed layer (MLD) responds to surface forcing on subdiurnal to interannual 
9me scales.  



Ocean Mixed Layer Depth Sampling Induced Error 

Es9mate of sampling error 

•  Data is collected by floats, ships and buoys (temperature and salinity profiles) 

•  Computed MLD is sampled and interpolated linearly for the rest of the ocean 

•  Comparison with actual model results provides an es9mate of the sampling‐induced 
error 

•  Error ranges from about 20% in the equatorial regions to about 100% in the 
Antarc9ca 



Measurement Concept 

•  Lidar wavelength around 532 nm 
to benefit from the minimum in 
the water absorp9on 
•  Mul9ple field of view instrument:  

o Large angles (< 2 degrees): 
par9culate backsca<ering 
profile 

o Small angles (<1e‐4 rad): 
forward sca<ering profile due 
to turbulence 

•  Current studies: sensi9vity, 
angular resolu9on, temporal 
resolu9on 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Turbulence profile 

Par9culate profile 

Sea surface 

Incident beam 

Backsca<ered beam 



Lidar Penetra@on Depth 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Lidar penetra9on map using lidar 
specifica9ons in Churnside et al. 1998 A<enua9on curve for water 

490 nm 



MLD map 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Comparing Lidar Penetra@on Depth and MLD 

Ra9o of lidar depth to MLD 



Two Numerical ScaCering Models 

Single sca<ering model 
Large angle profile (< 2 degrees) 

Mul9ple sca<ering model 
Small angle profile (< 1e‐4 rad) 

Air 

Mixed layer 

lidar 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Clean ocean 

•  One single backsca<ering event 
•  No forward sca<ering 
•  Backsca<ered signal equal to the sum of 
backsca<ered light in mixed layer 

Air 

Mixed layer 

lidar 

Clean ocean 

•  Full radia9ve transfer equa9on solved 
•  Forward and backsca<ering included 
•  Angle sampling restricted to near 
forward and near backsca<ering 



Par@culate ScaCering 

!

Par9culate volume sca<ering func9on  Backsca<ered pulse 

Approxima9on 
•  Backsca<ering flat between 90 and 180 
degrees 

•  Forward sca<ering only at 0 degree 

Single sca<ering model 

•  Incident pulse is Gaussian: black is for 
100 ps width and red is for 2 ns width 

•  Spa9al resolu9on for 2 ns pulse is 
about 1e‐8 X (speed of light) = 3 m 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Par@culate ScaCering 

a = 5e‐2 m‐1 

b = 1e‐3 m‐1 
tau = 100 ps 
E = 1 J 
Lidar at 1000 m from sea surface 

Single sca<ering model 

Inversion poten9ally gives the following 
parameters: 

•  Absorp9on in water a 
• MLD (par9culate) 

•  Par9culate backsca<ering b  9 



Par@culate ScaCering 
Absolute total energy 

E(incident) = 1 J 
E(back) = 1e‐12 J 

Pulse width = 2 ns; assuming 1 cm2 detector; airplane is at 1000 m 

Total energy density at 2 degrees  Deriva9ve of total energy density at 2 degrees 

b=0.1/m 

b=0.3/m 

D=10m 

D=30m 

b=0.1/m 

b=0.3/m 

Sensi9vity = 1e‐14 J/m 

D=30m 

D=10m 
Sensi9vity = 3e‐12 Jm 



Par@culate ScaCering 
Rela9ve angular varia9on of total energy 

Pulse width = 2 ns; assuming 1 cm2 detector; airplane is at 1000 m; 

Rela9ve varia9on = 2e‐3 
Varia9on 10 to 30 m = 5e‐5 

5e‐5 m < Sensi9vity < 8e‐4 m 

1e‐10 1/m < Sensi9vity < 1e‐5 1/m 

(E(α)‐E(0)) / E(0) 

€ 

α = 2o

D=10m 

D=30m 

b=0.1/m 

b=0.3/m 

D=10m 

D=30m 

b=0.1/m 

b=0.3/m 



Monterrey Bay Aquarium Research 
Ins@tute 
Observa@ons 

In situ field measurements 
with Autonomous Underwater 
Vehicles provide ground truth 
data for Lidar campaign. 



Par@culate BackscaCering Profiles 

Total par9culate backsca<ering coefficient 

6 km  29 km  57 km  85km 



Retrieval 

Backsca<ering 
Profile 

Radia9ve Transfer 
Forward Model 

Lidar Signal 

Retrieval 
Inverse Model Backsca<ering Coefficient 

Mixed Layer Depth 

Total pulse energy 
Rela9ve energy difference 

at 2 degrees 
Maximum pulse amplitude 
difference at 2 degrees 



Retrieval Results 

8.6 km  72 km 

Fimng procedure 
•  Use total pulse energy and rela9ve energy difference at 2 degrees 
•  Fit to uniform profile 



Turbulence ScaCering 

!

!
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Measured volume sca<ering func9on 

Measured total sca<ering cross sec9on 

Bogucki et al. 

Temperature variance dissipa9on rate 
Dissipa9on of turbulent kine9c energy 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Turbulence ScaCering 

MLD = 0.5 m  MLD = 2 m MLD = 1 m 

Inversion poten9ally gives the following 
parameters: 

• MLD (turbulence) 

•  Turbulence forward sca<ering b(forward) 

a = 0 
b(back) = 1e‐3 m‐1 

b(forward) = 1 m‐1 

tau = 100 ps 
E = 1 J 

Full transient mul9‐sca<ering model 

Angles (rad) 
0 
1.8e‐5 
2.7e‐5 
3.7e‐5 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Conclusions 
• Gathered evidence that par9culate and turbulence profiles can be measured with 
an airborne lidar 

•  Two forward models were developed:  

1.  Single sca<ering code for large angles to probe par9culate profile  

2.  Mul9ple sca<ering code for small angles to probe turbulence profile 

•  Proposed next steps: 
1.  Validate model valida9on by comparing with tank experiments 

2.  Complete calcula9ons for small angle sca<ering 

3.  Consider effect of surface 

4.  Consider polariza9on: be<er SNR? Retrieving both turbulence parameters 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